Abstract The objective of this work was to evaluate the efficiency of a solar TiO 2 -assisted photocatalytic process on amoxicillin (AMX) degradation, an antibiotic widely used in human and veterinary medicine. Firstly, solar photolysis of AMX was compared with solar photocatalysis in a compound parabolic collectors pilot scale photoreactor to assess the amount of accumulated UV energy in the system (Q UV ) necessary to remove 20 mg L −1 AMX from aqueous solution and mineralize the intermediary by-products. Another experiment was also carried out to accurately follow the antibacterial activity against Escherichia coli DSM 1103 and Staphylococcus aureus DSM 1104 and mineralization of AMX by tracing the contents of dissolved organic carbon (DOC), low molecular weight carboxylate anions, and inorganic anions. Finally, the influence of individual inorganic ions on AMX photocatalytic degradation efficiency and the involvement of some reactive oxygen species were also assessed. Photolysis was shown to be completely ineffective, while only 3.1 kJ UV L −1 was sufficient to fully degrade 20 mg L −1 AMX and remove 61 % of initial DOC content in the presence of the photocatalyst and sunlight. In the experiment with an initial AMX concentration of 40 mg L −1 , antibacterial activity of the solution was
Introduction
The most widely used group of antibiotics in human medicine in Europe is the penicillins, which have showed an increasing trend of prescription over the last decade (Versporten et al. 2011) . In 2009, they represented 47 % of total outpatient use, from which the use of amoxicillin (AMX) alone, or combined with β-lactamase inhibitors, represented 83.9 % (Versporten et al. 2011) . The combination of this high level of prescription and the fact that amoxicillin has a low metabolic rate in humans, leading to excretion rates of 80-90 % (Hirsch et al. 1999) , accounts for an ubiquitous presence of this pharmaceutical in domestic and hospital wastewaters (Andreozzi et al. 2004; Längin et al. 2009; Watkinson et al. 2009; Leung et al. 2012) . Adding to the varying efficiencies reported for the removal of antibiotics in conventional wastewater treatment plants (WWTP), which were not specifically designed to remove them (Leung et al. 2012) , amoxicillin, as well as other antibacterial drugs, are frequently found in rivers and other water bodies receiving treated WWTP effluents (Kasprzyk-Hordern et al. 2008) . Another source of antibiotic contamination may result from animal husbandry use as is the case of fish farming activities (Lalumera et al. 2004; Rigos and Troisi 2005) , where effluents resulting from bath immersion treatments using amoxicillin concentrations as high as 200 mg L −1 (Mitchell and Rodger 2011) require special consideration before disposal. These are often diluted in aquatic receiving bodies or often treated with nondestructive methods (Noga 2010) . Despite the fact that some of these substances do not persist due to natural degradation processes (Jones et al. 2005) , their continual release to the environment raises several concerns regarding their ecotoxicological potential to humans and animals (Kim and Aga 2007; Martinez 2009; Santos et al. 2010; Escher et al. 2011) .
Several alternative treatments have been proposed in recent years to tackle this situation, which are summarized in the revision performed by Homem and Santos (2011) and Michael et al. (2013) . Among them, advanced oxidation processes (AOPs) comprise different processes of generating hydroxyl radicals ( · OH), which are very reactive and not highly selective. AOPs can be divided in photochemical (UV, UV/O 3 , and UV/H 2 O 2 ), photocatalytic (TiO 2 /UV, and Fe 2+ /H 2 O 2 /UV-vis) or chemical oxidation processes (O 3 , O 3 /H 2 O 2 , and H 2 O 2 /Fe 2+ ; Poyatos et al. 2009 ). Their operation for full chemical degradation can be rather costly, so research is being focused on the application of AOPs that rely on solar irradiation as the source of UV radiation (such as heterogeneous photocatalysis and photo-Fenton reaction) and the possible combination with a pre or post biological treatment step Oller et al. 2011) .
Although several bench-scale studies on different AOPs using simulated UV radiation applied to aqueous solutions of amoxicillin have been undertaken (Elmolla and Chaudhuri 2009; Rizzo et al. 2009; Chaudhuri 2010a, b, c, 2011; Dimitrakopoulou et al. 2012) , only three report results from solar photo-Fenton (Trovó et al. 2008; Mavronikola et al. 2009 ) and solar TiO 2 (Klauson et al. 2010) processes. However, to the best of our knowledge, none so far have neither applied compound parabolic collectors (CPC) as photoreactors, nor have studied the influence of the individual presence of common occurring inorganic ions on the degradation of amoxicillin in aqueous solution. Theoretical and experimental studies (Fernández et al. 2005; González et al. 2009; Vilar et al. 2009; Colina-Márquez et al. 2010) have shown that CPCs are highly efficient on collecting solar radiation, so they are considered the best choice for different solar photocatalytic processes (Malato et al. 2002) .
Thus, the main objective of this work was to study the enhancement of the photocatalytic degradation of AMX in a CPC pilot plant, promoted by the presence of suspended TiO 2 and natural sunlight, when compared with solar photolysis. AMX mineralization was assessed in terms of dissolved organic carbon (DOC), low molecular weight carboxylate ions, and inorganic ions present in the solution. The antibacterial activity was assessed at different phototreatment times and correlated with the AMX concentration. A figure-of-merit, collector area per order (A CO ), was employed for both photocatalytic experiments in order to assess the possible factors that may affect the facility's efficiency, such as average solar UV irradiance over time and/or the volume of water to be treated. The influence of some inorganic ions typically occurring in wastewaters in TiO 2 -assisted photocatalytic efficiency was also determined in a lab-scale CPC photoreactor equipped with a solar radiation simulator. Moreover, the formation of different reactive species, hydroxyl radical, and singlet oxygen were probed using selective scavengers.
Materials and methods

Reagents
Amoxicillin (MW: 365.4, CAS# 26787-78-0, molecular structure and UV absorbance spectrum in Fig. 1 ) was purchased from Sigma. Titanium dioxide was Degussa P-25 (80 % anatase and 20 % rutile). Acetonitrile, methanol, and oxalic acid dihydrate were obtained from Merck. Ultrapure and pure water necessary for analysis were obtained using a millipore system (Direct-Q model) and reverse osmosis system (Panice®), respectively. NaCl, MgSO 4 .7H 2 O, NaHCO 3 , KNO 3 , NH 4 Cl, K 3 PO 4 .3H 2 O, D-mannitol, and NaN 3 were all analytical grade.
Pilot plant and lab-scale photoreactors description
The solar photolytic and photocatalytic experiments were carried out in a CPC pilot plant. A schematic representation of the pilot plant can be seen in Fig. 2a . The solar collector consists of a CPC unit (0.91 m 2 ) of four borosilicate (Duran) tubes (cutoff, 280 nm; internal diameter, 46.4 mm; length, 1,500 mm; and width, 1.8 mm) connected in series by polypropylene junctions, with their CPC mirrors in electropolished anodized aluminum, supported by a aluminum structure, oriented to south and tilted 41°(local latitude). The pilot plant has also two recirculation tanks (10 and 20 L), two recirculation pumps (flow rate=20 L min 
where t n is the experimental time of each sample, V t the total reactor volume (in liter), A r the illuminated collector surface area (in square meter), and UV G;n is the average solar ultraviolet radiation (in Watts per square meter) measured during the period Δt n (in seconds).
The set of experiments testing the influence of inorganic ions on the AMX photocatalytic degradation and the formation of different reactive species, hydroxyl radical, and singlet oxygen, using selective scavengers were carried out in a labscale photoreactor with a sunlight simulator. Figure 2b presents a scheme of the photocatalytic system which comprises: (1) a solar radiation simulator (ATLAS, model SUNTEST XLS+) with 1,100 cm 2 of exposition area, a 1,700-W aircooled xenon arc lamp, a daylight filter, and quartz filter with infrared coating; (2) ) to promote the water recirculation between the CPC and the glass vessel; and (6) pH and temperature meter (VWR symphony, SB90M5). All the systems are connected using Teflon tubing. The intensity of the UV radiation was measured by a broadband UV radiometer (Kipp & Zonen B.V., model CUV5), which was placed in the interior of the sunlight simulator at the same level as the photoreactor center. The radiometer was plugged into a handheld display unit (Kipp & Zonen B.V., model Meteon) to record the incident irradiance (in Watts per square meter).
Experimental procedures
Solar pilot plant
Solar photolytic and photocatalytic experiments were carried out using 20 mg L −1 of AMX, and both antibiotic and DOC concentrations were followed. For these experiments, 15 L (illuminated volume ( ) of the solution to be tested were added to the recirculation tank of the solar CPC unit and homogenized by turbulent recirculation for 30 min in darkness. After pH adjustment to a value around 7.5 with 14 M NaOH (few drops), a sample was taken. This pH value was chosen given that several authors have already reported the influence of pH on TiO 2 -mediated photocatalytic degradation of AMX and found minimal influence in the near-neutral pH range (Elmolla and Chaudhuri 2010b; Klauson et al. 2010; Dimitrakopoulou et al. 2012 ). The suspended catalyst load for photocatalysis was 0.5 g L −1 of TiO 2 , which is able to absorb all solar UV photons considering an internal photoreactor tube diameter of 46.4 mm (Colina-Márquez et al. 2010) . Thirty minutes after TiO 2 addition, another sample was taken to determine the AMX adsorption onto the catalyst surface (which was found out to be less than 2 % in average), and then the CPCs were uncovered in order to begin the photocatalytic experiments. Throughout the reaction, samples were taken at predefined times to monitor the photodegradation process. All samples were prefiltered through 0.45 μm nylon membrane filters (VWR) before analysis and both temperature and pH were measured using a pH meter HANNA HI 4522.
To assess AMX photolysis, the same methodology was used but in the absence of TiO 2 . In the photocatalytic experiment using an initial antibiotic concentration of 40 mg L −1 , antibacterial activity and mineralization efficiency calculated from DOC, inorganic ions concentration, and low molecular weight carboxylate anions concentration present in the solution, were also assessed. In this case, a volume of 20 L of the solution was used following the same procedure. A higher concentration of antibiotic solution was used in order to have enough resolution in low molecular weight carboxylate anions and inorganic ions analysis.
Lab-scale photoreactor
A similar procedure to study the influence of common occurring ions (Cl − (Boaventura et al. 1997; Vilar et al. 2009; Sousa et al. 2012) and the formation of different reactive species, hydroxyl radical, and singlet oxygen, using selective scavengers (50 mM of D-mannitol and 10 mM NaN 3 , respectively; Hirakawa et al. 2004; Raja et al. 2005) , was carried out in the lab-scale apparatus. The recirculation glass vessel of the lab-scale prototype was filled with 1 L of 20 mg L −1 AMX solution, which was pumped to the CPC unit (V i =270 mL, V i /V t =0.27, t i =0.43 min, t dark =1.16 min, A CPC = 0.023 m 2 ) and homogenized by recirculation in the closed system during 15 min in the dark. The temperature set-point of the refrigerated thermostatic bath was controlled to keep the solution at a temperature of 25°C. After pH adjustment (7.5) and temperature stabilization, the corresponding salt mass to achieve the desired concentration of each ion or scavenger to be studied was added to the solution. After 15 min, a sample was taken before the catalyst addition
TiO 2 ). The SUNTEST was turned on and the radiation intensity (I) was set to 500 W UV m −2
, which is equivalent to 44 W UV m −2 measured in the wavelength range from 280 to 400 nm. Over the reactions, samples were taken at predefined times and prefiltered through 0.45 μm nylon VWR membrane filters before analysis to assess the photodegradation process.
Analytical procedures AMX concentration was measured by a Hitachi ELITE LaChrom HPLC (Merck-Hitach, Tokyo, Japan), equipped with a L-2130 pump, a L-2200 autosampler, a L-2300 column oven, and a L-2455 DAD. The reverse-phase column Purospher® RP-18e 125-4 (5 μm; Merck) was operated at room temperature (25°C). The eluent was delivered at a flow rate of 0.8 mL min −1 in gradient mode using acetonitrile (mobile phase A), methanol (mobile phase B), and 0.01 M oxalic acid aqueous solution (mobile phase C, previously filtered by 0.20 μm nylon filter and degassed). Pump program for AMX gradient run was as follows: t=0 min (10:5:85), t=5 min (20:5:75), t=7 min (10:5:85), and t=14 min (10:5:80) for acetonitrile/methanol/oxalic acid, respectively. Injection volume was 20 μL and the wavelength of the UV absorbance detector was set at 231 nm. DOC content was determined in a TC-TOC-TN analyzer equipped with an ASI-V autosampler (Shimadzu, model TOC-V CSN ) and provided with a NDIR detector, calibrated with standard solutions of potassium hydrogen phthalate (total carbon) and a mixture of sodium hydrogen carbonate/carbonate (inorganic carbon). Total nitrogen was measured in the same TC-TOC-TN analyzer coupled with a TNM-1 unit (Shimadzu, model TOC-V CSN ) calibrated with standard solutions of potassium nitrate, through thermal decomposition and NO detection by chemiluminescence method. Sulfate, nitrite, nitrate, and low molecular weight carboxylate anions (acetate, propionate, formate, pyruvate, valerate, malonate, maleate, oxalate, and citrate) were monitored by ion chromatography (Dionex ICS-2100; column, AS 11-HC (4×250 mm); suppressor, ASRS®300 (4 mm)). Ammonium was also monitored by ion chromatography (Dionex DX-120; column, CS12A (4 × 250 mm); suppressor, CSRS®300 (4 mm)). Isocratic elution was performed using 30 mM NaOH/20 mM methane sulfonic acid at a flow rate of 1.5 and 1.0 mL min −1 for anions and cations analyses, respectively. The gradient program used for the quantification of low molecular weight carboxylate anions comprised a pre-run for 8 min with 1 mM NaOH, 20 min with 30 mM NaOH, and 10 min with 60 mM NaOH, at a flow rate of 1.5 mL min 
Results and discussion
Pilot-scale AMX photolysis and photocatalysis
To rule out the influence of solar photolysis on the degradation of AMX, an experiment with 20 mg L −1 in aqueous solution was carried out in the absence of TiO 2 . Figure 3 shows that direct photolysis was unable to considerably attack the molecules of the antibiotic and did not mineralize them in the given period of solar exposure (irradiation time (t ir )=215 min). This can be explained by the fact that the absorption of UV radiation, from the range of solar UV radiation that enters the of TiO 2 (solid symbols) of AMX solutions with 20 mg L −1 at pH=7.5: dimensionless AMX concentration (white square, black square) and DOC (white circle, black circle) reactor, by the AMX molecule is negligible, as seen by the very low overlapping spectra in Fig. 1 , as highlighted in Rizzo et al. (2012) . Xu et al. (2011) reported that direct photolysis in a solar simulator accounted for 6-21 % of AMX loss in simulated natural waters, albeit for significantly higher exposure times (40 h) than the ones performed in this work (5 h of exposure, in average).
The solar photocatalytic degradation of AMX was studied for a TiO 2 load of 0.5 g L −1 and pH=7.5. After 3.1 kJ UV of accumulated UV energy per liter of solution in the system ( Fig. 3 ; t ir =60 min), the AMX concentration was below the respective detection limit (0.11 mg L
−1
). At the same point, DOC suffered a steep reduction down to 39 % of its original value (61 % of mineralization). After an accumulation of 10 kJ UV L −1 (t ir =204 min), this percentage was slowly lowered down to 27 %, showing that the AMX intermediary by-products remaining in solution were more difficult to mineralize. Our results agree with Klauson et al. (2010) , who reported a 80 % conversion of 20 mg L −1 AMX (initial pH 6.0) using 1 g L −1 of TiO 2 after 2 h of exposure to solar radiation in an evaporation dish batch reactor.
The kinetic results showed that the TiO 2 -assisted photocatalytic process follows a pseudo-first-order reaction, and the rate constant for AMX was calculated as 0.80±0.02 L kJ UV −1 , while the initial reaction rate (r 0 ) was 16.0±0.3 mg kJ UV −1 (Table 1) . In a previous work , under the same experimental conditions, pseudo-first-order kinetic rate constants five and two times higher were obtained for oxytetracycline (OTC) and oxolinic acid (OXA), respectively. It must be underlined that despite the difference between the molar concentrations used (0.087 mmol OTC L ) was not that high, the studied antibiotics present notable differences in terms of structure and functional groups, which may influence their adsorption properties onto the photocatalyst surface (Figueroa-Diva et al. 2010 ) and the susceptibility to solar UV radiation absorption and attack of the reactive oxidant species.
Evaluation of the AMX mineralization
To better understand the effectiveness of the solar photocatalytic degradation of AMX, an experiment using an antibiotic concentration of 40 mg L −1 was carried out under the same initial conditions. As shown in Fig. 4 , AMX was almost fully degraded (residual concentration=3.1 mg L −1
) after 4.6 kJ UV of accumulated UV energy per liter of solution (t ir =110 min), achieving a mineralization of 44 %. Of the organic carbon in the solution (according to the carboxylic acids analyzed), 21 % is attributed to low molecular weight carboxylate anions, mainly formic, propionic, and maleic acids. However, most of the other organic intermediates still contained sulfur and nitrogen, since only 17 % of the total nitrogen in solution was ) was already released. The TiO 2 solar photocatalysis was able to reduce the remaining DOC content to 29 % of the original value after 11.7 kJ UV L −1 sunlight exposure (t i =351 min). Seventy percent of the residual DOC content was in the form of low molecular weight carboxylate anions, mainly propionic and maleic acids, which is consistent with the decrease in the initial pH level down to around 6.40 in the same phototreatment period. The amount of sulfate detected at the end of the reaction corresponds to the stoichiometric conversion of sulfur contained in AMX to sulfate ion showing that its complete mineralization occurred and that sulfur was not present in the remaining organic by-products. On the other hand, the ongoing degradation of nitrogenated by-products was less effective during the same period as only 30 % of the initial nitrogen was converted to ammonium by the end of the process. No losses of nitrogen have been observed from the monitoring of total nitrogen; therefore, the enduring nitrogen atoms are not present in nitrogenated organics adsorbed onto the surface of the catalyst. Lower levels of mineralization of sulfur and nitrogen contained in AMX have been reported by Klauson et al. (2010) , releasing 14 and 1.4 %, respectively. Elmolla and Chaudhuri (2010b) reported the need of long irradiation times for the mineralization of sulfur contained in a mixture of amoxicillin and two other β-lactam antibiotics in aqueous solution under UV-A/TiO 2 /H 2 O 2 photocatalysis. Minimum inhibitory concentrations (MICs) are defined as the lowest concentration required to inhibit the visible growth of a microorganism in contrast to a positive control (Carson et al. 1995) and are used by diagnostic laboratories mainly to confirm resistance (Miller et al. 2005) . For the enterobacterial strain tested, AMX antibacterial activity with an accumulation of 4.6 kJ UV L −1 (t ir =110 min) in the system was found to be considerably reduced when growth was compared to the control ( , an enterococci bacterial strain studied by the same authors showed to be affected, especially by AMX intermediary by-products. According to the reaction pathways proposed by Klauson et al. (2010) , some of the AMX photocatalytic by-products (identified via UPLC-ESI-MS analysis) still contain an intact β-lactamic ring structure, which accounts for this residual antibacterial activity. Consequently, in this work, an accumulated UV energy value of 7.7 kJ UV L −1 (t ir =180 min) is suggested to be enough to achieve the complete cleavage of the β-lactamic ring, as the solution no longer presented antibacterial activity against S. aureus (Fig. 5) , and no longer presents the risk of promoting antibiotic resistance among bacteria in the potential receiving water body. Some works have reported the adsorption of penicillin antibiotics on non-illuminated iron and TiO 2 nanoparticles and the consequent breakdown of the β-lactamic ring of the original compounds over different pH conditions (Ghauch et al. 2009; Peterson et al. 2012) . However, in the photocatalytic experiments performed in this work, no significant loss of AMX was seen in the period of time between the catalyst addition step and the beginning of the irradiation.
The photocatalytic pseudo-first-order kinetic constant for AMX was found to be 0.43±0.01 L kJ UV .
Influence of inorganic ions and scavengers
Inorganic ions, such as those present in various types of wastewaters, have been found to inconsistently affect the rates of photocatalytic oxidation of organic pollutants (Abdullah 1990; Ahmed et al. 2010) . Figure 6a presents the individual effect of Cl ) after an endpoint of 60 min of simulated solar irradiation in the lab-scale photoreactor. Guillard et al. (2005) have shown that the decrease in efficiency of TiO 2 photocatalysis in the presence of inorganic ions at neutral pH conditions is mainly caused by the formation of an inorganic layer at the catalyst surface, inhibiting the contaminant adsorption. Under the tested pH value, and according to Fig.1b, c , the AMX species in solution may present overall neutral (48.5 % as H 2 AMX) or negative charges (49.7 % as HAMX − ), and the surface of TiO 2 particles is neutral and negatively charged (76 % as -TiOH and 24 % as -TiO − ; pH>pH PZC , pH of point of zero charge=6.7; Fernández-Ibáñez et al. 2003; Malato et al. 2009 ). According to Dimitrakopoulou et al. (2012) , this does not favor an electrostatic attraction between AMX and TiO 2 , and leads to the minimal amount of antibiotic adsorption in the dark, as it can be seen in Fig. 6a . Consequently, the aforementioned effect of the presence of most inorganic ions did not substantially affect the AMX photocatalytic kinetic rates (Table 1 ). The only considerable exception is the case of PO 4 3− , whose presence not only promoted the initial dark adsorption of AMX onto the catalyst surface, but consequently enhanced the oxidation rate of AMX compared to its absence (Fig. 6a) . Chen et al. (2003) have reported a similar phenomenon of increased adsorption of certain dye-constituent aromatics on the surface of TiO 2 in the presence of phosphate anions. The negatively charged phosphate anions strongly adsorbed onto the TiO 2 surface may favor not only the adsorption of AMX species bearing a positive (Chen et al. 2003) or neutral (Guillard et al. 2003 ) charge on the -NH 2 group, but also the formation of free hydroxyl radicals via the enhancement of the separation of the photogenerated hole and electron facilitated by an innersphere surface complex, as suggested by Zhao et al. (2008) . The same authors thus concluded that phosphate modification accelerates the degradation of pollutants either more prone to hydroxyl radical attack or with weak adsorption on pure TiO 2 particles.
To evaluate the role of reactive species, such as · OH and singlet oxygen ( 1 O 2 ), in the AMX photocatalytic degradation, selective scavengers D-mannitol and sodium azide (NaN 3 ), respectively, were used. The insignificant photocatalytic degradation of the antibiotic during the phototreatment period in the presence of D-mannitol (Fig. 6b and Table 1 ), purports the role of · OH radicals as the major responsible for AMX degradation, which is in agreement with the results presented by Song et al. (2008) . However, according to Fig. 6b , the 1 O 2 reactive species also plays an important role in AMX selfphotosensitization under UV/visible solar light, as reported by Zhao et al. (2013) .
Solar photocatalytic efficiency index
In the case of AOPs based on free solar radiation, the main capital cost is proportionally related to the area of the collectors. As such, it is suitable to use a figure-of-merit based on the solar collector area recommended by the International Union of Pure and Applied Chemistry (IUPAC) to allow for a direct comparison between the solar energy efficiency of different AOPs, independently of the nature of the used system. Therefore, for a low-pollutant concentration range, the appropriate figure-of-merit is the A CO (Bolton et al. 2001) . A CO is the collector area required to reduce the concentration of a contaminant (C) in polluted water in a unit of volume by one order of magnitude in a time (t 0 =1 h) when the standardized incident solar irradiance (E S 0 ) is 1,000 W m −2
. The A CO (in square meter per cubic meter order), in batch operation, can be calculated from Eq. 2:
where A r is the illuminated collector surface area (in square meter), UV G is the average solar ultraviolet irradiance (in Watts per square meter, as measured in the 300-400 nm range, the useful UV wavelength range for solar photocatalysis with TiO 2 ) over the period t of the treatment (in hour), V t the total reactor volume (in cubic meter), and C and C 0 are the final and initial antibiotic concentrations (in milligram per liter). This figure-of-merit indicates a loss in the system efficiency when A CO values increase, in an inverse proportion. As previously mentioned, CPC geometry has been shown to be highly efficient when applied to solar photocatalytic treatments. This remark has been emphasized by Bandala and Estrada (2007) , when they compared the same figure-of-merit using different solar reactors (which use direct and diffuse UV irradiation). Within this study, for the two different initial antibiotic concentrations, 20 and 40 mg L )h were required to achieve a decrease of the initial AMX concentrations in 1 order of magnitude, resulting in an A CO index of 0.65 to 1.21 m 2 m −3 order, respectively. It should be mentioned that the 30 % solar UV irradiance increase between experiments (given that these were performed in different days) was compensated by a decrease of the useful solar exposure time needed to reduce the AMX concentration by an order of magnitude. Therefore, according to the results obtained, there is no substantial conversion efficiency loss in the studied antibiotic concentration range. As expected, a twofold increase of pollutant concentration only doubled the A CO index. A similar system efficiency was obtained by Sousa et al. (2013) in the solar photocatalytic oxidation of the anxiolytic drug lorazepam using the same pilot plant but mediated by only 0.2 g L −1
TiO 2 (A CO index=0.4 m 2 m −3 order).
Conclusions
The use of CPC photoreactors for solar UV photons capture was shown to be effective for the TiO 2 -assisted photocatalytic ([TiO 2 ]=0.5 g L −1
) degradation of the antibiotic amoxicillin in aqueous solutions at neutral pH conditions (7.5). Solar UV radiation alone was unable to attack the antibiotic molecules during the same phototreatment period. The TiO 2 solar photocatalysis was able to reduce the antibiotic concentration from 40 to 3.1 mg L −1 after 4.6 kJ UV of UV accumulated energy per liter of solution, leading to a considerable reduction of the antibacterial activity. At the end of the phototreatment period (11.7 kJ UV L −1 of UV energy accumulated in the system), 71 % mineralization was achieved, being 70 % of the residual DOC content in the form of low molecular weight carboxylate anions, mainly propionic and maleic acids. Even though the amount of sulfate detected at the end of the reaction corresponds to the stoichiometric conversion of sulfur contained in AMX, only 30 % of the initial nitrogen was converted to ammonium, showing that the mineralization of nitrogenated by-products was less effective during the phototreatment period. Although the AMX degradation was mainly attributed to hydroxyl radicals, singlet oxygen also plays an important role in AMX self-photosensitization under UV/visible solar light. Screenings of individual inorganic ions effects have shown that the presence of phosphates at the studied pH level enhance AMX photocatalytic oxidation, while the presence of other inorganic ions (Cl − , SO 4 2− , NO 3 − , NH 4 + , and HCO 3 − ) did not considerably alter the reaction rate. The results obtained build on the potential for developing future treatments for wastewaters of various origins containing high concentrations of AMX with relatively short periods of solar irradiance, allowing their subsequent safe discharge due to the elimination of the risk of antibiotic resistance promotion.
